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Abstract: To accurately predict the film thickness distribution during dynamic spraying performed with air guns and support accordingly the development of intelligent spray painting, the spray problem was analyzed numerically. In particular, the Eulerian-Eulerian approach was employed to calculate the paint atomization and film deposition process. Different spray heights, spray angles, spray gun movement speeds, spray trajectory curvature radii, and air pressure values were considered. Numerical simulation results indicate that the angle of spray painting significantly affects the velocity of droplets near the spray surface. With an increase in the spraying angle, spraying height and spray gun movement speed, the maximum film thickness decreases to varying degrees, and the uniformity of the film thickness also continuously worsens. When the spray gun moves along an arc trajectory, at smaller arc radii, the film thickness on the inside of the arc is slightly greater than that on the outside, but the impact on the maximum film thickness is minimal. Increasing air pressure expands the coating coverage area, results in finer atomization of paint droplets, and leads to a thinner and a more uniform paint film. However, if the pressure is too high, it can cause paint splattering. Using the orthogonal experimental method, multiple sets of simulation calculations were conducted, and the combined effects of spraying height, spray angle, and spray gun movement speed on the film thickness distribution were comprehensively analyzed to determine optimal configurations. Finally, the reliability of the numerical simulations was validated through dynamic spray painting experiments.
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1  Introduction

Due to its high level of automation, stable painting quality, and high efficiency, robot painting has been widely applied in the production of various industrial products, such as automobiles, aircraft, and ships [1,2]. The surfaces of these products often possess complex freeform features, like aircraft fuselages and ship hulls, and typically require spray painting with varied poses. To further enhance production efficiency, digital spray trajectory planning using offline programming technology is currently a research focus in this field [3]. Revealing the pattern of film formation under different spray gun poses and establishing a model for predicting the film thickness distribution are fundamental to the digitization of spray trajectory planning [4].

With the advancement of computer technology, it is theoretically feasible to combine computational fluid dynamics with experiments to reveal the spray film formation process [5–7]. Conner et al. [8] analyzed the influence of the rotational speed of an electrostatic rotary cup on the film thickness distribution under flat spraying and established a model for the film thickness distribution in electrostatic air spraying based on their findings. Zhang et al. [9] conducted numerical simulations of the electrostatic spraying process under varying electric field strengths. The results indicated that the deposition rate of coating droplets increases with the strength of the electric field. Garbero et al. [10] observed that an increase in paint viscosity correlates with a marked reduction in the splashing phenomenon when atomized droplets impact the workpiece surface. Fogliati et al. [11] examined the influences of various factors, including air and mist, on the spraying process using a spray gun in the automotive industry. They simulated the process and predicted the trajectories of paint droplets. Moore et al. [12], aiming to understand the sensitivity of each parameter in the spraying process, used the k-ε model for numerical simulations and studied the impact of a single jet airstream, modeling the results accordingly. Chen et al. [13–15] employed the Eulerian-Eulerian approach to study the film formation mechanisms and characteristics on different curved surfaces such as arcs [16,17] and spheres [18]. However, they only studied the spraying process at a spray angle of 0° and a certain spray height, without considering the effects of multiple parameters like spray gun height and inclination angle on the dynamic spray film formation pattern. Zhang et al. [19] planned a spraying trajectory for surfaces with boundary features, which not only meets the requirements for film thickness uniformity but also improves spraying efficiency. Zeng et al. [20] proposed a multivariable spray parameter optimization method to improve the film uniformity after boundary-constrained spraying, showing good results for spraying filleted surfaces along an arc trajectory. However, when using arcs for trajectory planning, they failed to consider the effect of arc trajectory curvature on the distribution of film thickness. Therefore, this paper incorporates the radius of trajectory curvature into the study of the spray film formation pattern. Khaghani et al. [21] designed an air turbine-driven paint spray spindle and conducted a comprehensive analysis under various operating conditions using CFD simulations. The results indicate that air supply pressure and speed significantly impact the turbine’s rotational stability. Similarly, airflow speed—determined by air pressure—directly influences the quality of the paint film. Therefore, this study also focuses on how air pressure affects the film thickness distribution. In summary, investigating the impact of parameters such as spray gun position, posture, spray trajectory curvature, and air pressure on the film formation pattern in dynamic spraying is a pressing matter.

In the numerical simulation study of two-phase flow atomization spraying, two primary methods are typically employed: the Eulerian-Lagrangian approach and the Eulerian-Eulerian approach. The Eulerian-Lagrangian method can determine the trajectory of each paint particle through statistical analysis. Consequently, many researchers, such as Wang et al. [6], Li et al. [22], Xie et al. [23], and Yang et al. [24], have utilized this method to study the atomization process of spraying. However, in simulations of dense phase flows, the increasing number of particles leads to a significant rise in computational complexity. Additionally, the computational time required for dynamic spraying simulations is several times that of the aforementioned static spraying studies, rendering this method unsuitable for our research.

In contrast, the Eulerian-Eulerian approach not only alleviates the computational burden associated with the increasing number of particles in the Eulerian-Lagrangian method but also effectively simulates the paint mist distribution. When combined with the Eulerian wall film model, it can also predict the coating thickness distribution after spraying. Additionally, since our study does not focus on droplet trajectories or other physical properties, the Eulerian-Eulerian approach was chosen for the numerical simulation.

This paper employs the Eulerian-Eulerian approach to establish a planar dynamic spray painting model. Utilizing CFD numerical simulation, a comparative analysis was conducted on the spray flow field morphology and film thickness distribution under various spray heights, spray angles, spray gun movement speeds, spray trajectory curvature radii, and air pressure. The study elucidates the influence of each spray parameter on the film thickness distribution. Finally, the effectiveness and feasibility of the established planar dynamic spray painting CFD numerical simulation model were validated through robotic spray painting experiments.

2  Spray Film-Forming Model

2.1 Basic Control Equation

In the process of spray painting, both gas and liquid phases are treated as continuous media, in line with the continuum medium model in fluid mechanics.

The expression of the mass conservation equation is [5]:


∂αqρq∂t+∇⋅(αqρqvq)=0
(1)

where 
αq
represents the volume fraction of the phase, 
ρq
denotes the phase density, and 
vq
symbolizes the phase velocity. Here, the 
q
may refer to either the gas or the liquid phase.

The equation for momentum conservation is [5]:


∂∂t(αqρqνq)+∇⋅(αqρqνqνq)=−αq∇p+∇⋅τq+∇⋅τRe+αqρqg+Fqtd+Fq
(2)


Fq=Fd+F1+Fν
(3)


Fd=0.75Cdαqρq|νp−νq|(νp−νq)
(4)

In Eq. (2), 
p
signifies the pressure shared between the two phases; 
τq
is the viscous stress of the phase; 
τRe
is the Reynolds stress related to the turbulent viscosity; 
g
represents gravity; 
Fqtd
denotes the turbulent dispersion force between the phases, and 
Fq
indicates the interphase force per unit volume. In Eq. (3), 
Fd
represents the drag force, 
F1
represents the lift force, and 
Fv
represents the virtual mass force. In this study, the lift force 
F1
and virtual mass force 
Fv
are neglected. In Eq. (4), 
Cd
represents the drag coefficient, which is assumed to be 0.44.

2.2 Turbulence Model

This research adopts the Reynolds-Averaged Navier-Stokes methodology to address turbulent flow issues. Instead of directly solving for the Reynolds stress terms, the eddy viscosity model represents them as a function of the turbulent viscosity 
μt
. The turbulent viscosity is computed using the following equation [16]:


μt=ρCμk2ε
(5)

Here, 
ρ
stands for fluid density, 
Cμ
is a constant, in this study, its value is 0.09.

For gas-liquid multiphase flow, the standard k-ε turbulence model is utilized to close the momentum equations. This model includes turbulent kinetic energy k and turbulent dissipation rate ε, with the corresponding transport equations as follows [16]:


∂∂t(ρmk)+∇⋅(ρmνmk)=∇⋅(μt,mσk∇k)+Gk,m−ρmε+∏km
(6)


∂∂t(ρmε)+∇⋅(ρmνmε)=∇⋅(μt,mσε∇ε)+εk(C1εGk,m−C2ερmε)+∏εm
(7)

In these expressions, 
ρm
represents the mixed phase density; 
νm
is the mixed phase velocity; 
μt,m
denotes the molecular viscosity; 
Gk,m
is the turbulent kinetic energy production term; 
C1ε
and 
C2ε
are constants, and 
∏km
and 
∏εm
are additional terms for the turbulent interaction between the two phases.

2.3 Wall Liquid Film Model

After being atomized by air, paint droplets are transported to the workpiece surface and deposit to form a liquid film. The thickness of the liquid film can be calculated using the mass conservation equation and the momentum conservation equation.

The equation for mass conservation is [17]:


∂h∂t+∇S⋅[h⋅V1]=m˙Sρ1
(8)


m˙S=αdρdVdnA
(9)

In these equations, 
ρ1
represents the film density, 
h
the film thickness, and 
V1
the average film velocity. 
m˙S
denotes the mass source per unit wall area; 
αd
is the liquid phase volume fraction; 
ρd
is the liquid phase density; 
Vdn
is the liquid phase velocity perpendicular to the wall, and 
A
is the spray wall area.

The equation for momentum conservation is [17]:


∂hVl∂t+∇S⋅(hVlVl)=−h∇SPLρl+32ρlτfs−3νlhVl+q˙Sρl
(10)


q˙s=m˙SVd
(11)

Here, 
PL
is the film pressure; 
τfs
is the viscous shear stress at the liquid-gas interface; 
νl
is the kinematic viscosity of the liquid; 
q˙S
represents the momentum source in the wall film equation, and 
Vd
the liquid phase velocity.

3  Simulation of Dynamic Spray with Variable Parameters

3.1 Computing Domain Setting and Mesh Division

This paper focuses on the WRA-101 air spray gun and uses the 3D software SolidWorks to establish a model of the spray gun’s air cap. Fig. 1 shows the model of the spray gun’s air cap.

[image: images]

Figure 1: 3D model of spray gun

The movement of the spray gun is facilitated by the sliding mesh model in Fluent. As illustrated in Fig. 2, the computational domain is divided into two zones. One part is the sliding zone, where the spray gun moves along a pre-planned path, and the grid of this area translates as a whole without undergoing any changes. The other part is the non-sliding zone, where the grid remains immobile. An unstructured tetrahedral mesh generation method is employed for grid partitioning. To balance computational efficiency and accuracy, the grid within the sliding zone is refined, while the grid in the non-sliding zone is relatively sparser. The number of cells in the calculation domain under different types of spraying parameters is different. Taking the vertical spraying at a height of 200 mm as an example, the total number of cells in the calculation domain is 994,617. It has been proved that increasing the number of cells has a negligible effect on the simulation results.

[image: images]

Figure 2: Mesh partitioning of the computational domain

Table 1 indicates that once the number of cells exceeds 994,617, the velocity of the liquid phase within the computational domain remains essentially unchanged. Therefore, in the division of grids, the total number of cells is set to 994,617. With this grid configuration, the average cell quality is 0.87, the minimum orthogonal quality is 1.8, and the skewness is 0.22.
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3.2 Simulation Conditions and Parameter Settings

In the numerical simulation process, the spray flow field is set with two phases. The first phase represents air, with a density of 998.2 kg/m³ and a viscosity of 0.0181 mPa·s; the second phase represents paint, with a density of 1200 kg/m³ and a viscosity of 94.27 mPa·s. The viscosity of the water-based paint was measured using a viscometer, as shown in Fig. 3.

[image: images]

Figure 3: Paint viscometer

In this paper, we employ the Eulerian multi-phase flow model and the standard k-ε turbulence model to simulate the atomization flow field of paint, setting up the Eulerian wall film model to collect paint droplets. Upon inspection, the Y+ value falls within the range of 30–200. Therefore, standard wall functions are used for near-wall treatment. The paint aperture is configured as a mass flow inlet, with the liquid phase mass flow rate being 1.32 × 10−3 kg/s and the gas phase mass flow rate at 5 × 10−6 kg/s. At the liquid phase inlet, the volume fraction is set to 0.2, the turbulence intensity to 15%, and the hydraulic diameter to 2 × 10−3 m. The atomization aperture is designated as a pressure inlet with an atomization pressure of 140 kPa. As the spatial distribution of the spray paint in this study was conical, there was no setting for fan control orifices in both numerical simulation and spray experiments.

Langer-Moller et al. [25] compared the results obtained using various numerical simulation methods. In this study, the SIMPLE algorithm is chosen as the pressure-velocity coupling scheme. To reduce computational costs, a gradient method based on the least squares approach is used. The second-order upwind scheme is adopted as the spatial numerical scheme. We employed a second-order implicit time discretization method to ensure computational stability and accuracy. The time step size is set to 1 × 10−4 s [26].

4  Results and Analysis

4.1 Analysis of Spray Flow Field Morphology

Taking the center of the spray gun’s paint nozzle as the origin, a spatial Cartesian coordinate system is established. In this system, the Z-axis is perpendicular to the surface to be painted, the movement direction of the spray gun is defined as the Y-axis, and the X-axis is perpendicular to the YZ plane. The liquid phase velocity distribution under perpendicular spray painting is shown in Fig. 4a, and the distribution under angled spray painting is depicted in Fig. 4b.
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Figure 4: Distribution of spray liquid phase velocity. (a) Vertical spraying. (b) Angled spraying

As Fig. 4 demonstrates, near the air cap, the differences in spray flow field morphology between perpendicular and angled spray painting are almost negligible. However, as the liquid phase particles approach the workpiece, they spread significantly in the negative Y-axis direction due to the spray gun’s angle, which can impact the quality of the film in angled spray painting scenarios. Additionally, Fig. 4a indicates that due to the movement of the spray gun, the spray flow field tends to shift opposite to the direction of motion.

4.2 Effect of Spraying Height on Coating Thickness Distribution

In this section, to thoroughly investigate how varying spray heights affect the distribution of film thickness, the spray angle was fixed at 0 degrees, and the spray gun’s movement speed was set at 0.1 m/s. Numerical simulations were performed at spray heights ranging from 200 to 300 mm, with the results shown in Fig. 5. As illustrated by Fig. 5, with other parameters held constant, an increase in spray height leads to a broader film coverage. The film at the edges becomes more dispersed, worsening the uniformity. This dispersion occurs because the droplets spread due to air resistance during transport, altering their original diffusion path. Conversely, a decrease in spray height results in a smaller area of film coverage, with the paint droplets becoming more concentrated and fewer dispersed droplets at the edges of the coverage area. Theoretically, this should improve film uniformity. However, in practical production, the film thickness at the center of the coverage area may become excessively thick. If the paint film does not solidify in time, sagging may occur, reducing the film’s uniformity.

[image: images]

Figure 5: Film thickness distribution at various spray heights. (a) H = 200 mm. (b) H = 225 mm. (c) H = 250 mm. (d) H = 275 mm. (e) H = 300 mm

To provide a more intuitive comparison of film thickness distribution at different spray heights, cross-sections of film thickness were measured every 50 mm within the area covered by the film. The average film thickness at the same positions of these cross-sections was calculated, and a curve graph of average film thickness distribution against spray height was plotted, as shown in Fig. 6.
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Figure 6: Cross-sectional curves of average film thickness at different spray heights

According to Fig. 6, the film thickness decreases progressively with the spray height rising from 200 to 300 mm. The maximum film thickness decreases from 72.35 to 35.01 μm. Additionally, the smoothness of the average film thickness curve diminishes, indicating a gradual reduction in film uniformity. This phenomenon is attributed to the higher dispersal of paint droplets during transit as the spray height increases.

To more intuitively analyze the variation pattern of maximum film thickness under the influence of different spray heights, the maximum thickness values from the simulation results at various spray heights were collected. A curve illustrating the relationship between maximum film thickness and spray height was then plotted, as shown in Fig. 7. From Fig. 7, it can be observed that as the spray height increases, the trend of decreasing maximum film thickness approximates an inverse proportion function.

[image: images]

Figure 7: Curve of maximum film thickness variation with spray height

4.3 Effect of Spray Angle on Film Thickness Distribution

In this section, the spray height was fixed at 200 mm and the spray gun’s movement speed at 0.1 m/s. The spray gun was rotated around the X-axis toward the positive direction of the Y-axis at angles of 0°, 10°, 20°, and 30°. Based on this setup, numerical simulations were conducted with the spray gun moving along both the X and Y directions to analyze the effect of the spray angle on the distribution of film thickness.

Fig. 8 indicates that when spraying along the X direction, the film coverage range gradually expands in the Y-axis direction as the spraying angle increases. Due to lateral velocity, paint splashing occurs.

[image: images]

Figure 8: Film thickness distribution when the spray gun moves in the X direction at various angles. (a) α = 0°. (b) α = 10°. (c) α = 20°. (d) α = 30°

As illustrated in Fig. 9, when spraying along the Y direction, the paint coverage area on the X-axis direction gradually increases. According to the simulation results, as the angle of inclination of the spray gun increases from 0° to 30°, the maximum film thickness drops sharply from 76.42 to 49.34 μm. Under the same spraying duration, angled spraying decreases film thickness. This is because the droplets located on the side of the angle inclination have a longer travel distance to reach the workpiece surface compared to those on the other side, resulting in a higher degree of dispersion upon reaching the wall, thus reducing the uniformity of the film. Since the spray gun’s speed and tilt direction are aligned, the paint splashing phenomenon is less severe than when the spray gun moves in the X direction.

[image: images]

Figure 9: Film thickness distribution when the spray gun moves in the Y direction at various angles. (a) α = 0°. (b) α = 10°. (c) α = 20°. (d) α = 30°

To visually compare film thickness distribution at different spray gun tilt angles, cross-sectional film thickness was measured every 50 mm within the coverage area. The average film thickness at corresponding locations on these cross-sections was calculated, and a comparative graph showing the average film thickness distribution at different spray gun tilt angles was drawn, as shown in Fig. 10.
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Figure 10: Cross-sectional curves of average film thickness at different spray angles. (a) Spray gun movement along the X-axis. (b) Spray gun movement along the Y-axis

As depicted in Fig. 10a, when the spray gun is tilted, the distribution of film thickness shows a characteristic of being thin on one side and thick on the other. The position of the maximum film thickness moves leftward as the spray angle increases. This shift occurs because the droplets on the negative Y-axis are compressed and rapidly deposited on the workpiece surface, resulting in a concentrated accumulation, while on the positive Y-axis, the droplets are transported farther and thus become more dispersed. As shown in Fig. 10b, the film thickness on both sides of the spray center is symmetrically distributed. This is because, despite the inclination of the spray gun, the liquid velocity is equal on both sides of the origin in the X direction.

To more intuitively analyze the variation in maximum film thickness under different spray angles, maximum thickness values from simulations at various spray angles were collected. A curve depicting how maximum film thickness changes with spray angle was plotted.

From Fig. 11, it is evident that when the spray gun moves in the X direction, the decrease in maximum film thickness with increasing spray angle is approximately linear. Conversely, when the spray gun moves in the Y direction, the rate of decrease in maximum film thickness accelerates with an increase in spray angle. The decrease in maximum film thickness is more gradual when the spray angle is below 10°, but becomes more pronounced when the angle exceeds 10°. This is due to the increased paint droplet splashing and lower paint utilization as the spray angle increases.

[image: images]

Figure 11: Curve of maximum film thickness variation with spray tilt angle

4.4 Effect of Spray Gun Movement Speed on Film Thickness Distribution

In this section, with the spray height fixed at 200 mm and the spray angle at 0°, spray gun movement speeds were set between 0.1 and 0.5 m/s for numerical simulations to analyze the effect of spray gun movement speed on film thickness distribution.

As Fig. 12 indicates, with an increase in spray gun movement speed, the film at the edges becomes more dispersed, leading to a deterioration in film uniformity. This is due to the increase in air resistance encountered by the spray gun as its movement speed increases, which increases the influence of the airflow on the spray droplets during transport, causing the droplets to diverge more. When the spray gun movement speed is at 0.1 m/s, the maximum film thickness is 76.61 μm; however, as the speed gradually increases to 0.5 m/s, the maximum film thickness decreases to only 14.52 μm. At this point, the film thickness is unable to meet the coating quality requirements for most products.

[image: images]

Figure 12: Film thickness distribution at different spray gun movement speeds. (a) V = 0.1 m/s. (b) V = 0.2 m/s. (c) V = 0.3 m/s. (d) V = 0.4 m/s. (e) V = 0.5 m/s

To provide a more intuitive comparison of the film thickness distribution at different spray gun movement speeds, cross-sectional film thicknesses were measured every 50 mm within the covered area. The average film thickness at the same positions of these sections was calculated, and a comparative graph of the average film thickness distribution under different spray gun movement speeds was drawn, as illustrated in Fig. 13.
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Figure 13: Cross-sectional curves of average film thickness at different spray gun movement speeds

Fig. 13 indicates that with an increase in spray gun movement speed, the maximum film thickness decreases. This is because the faster the movement speed of the spray gun, the fewer paint droplets the workpiece surface receives per unit time and area. In actual production, the determination of the spray gun movement speed is related to multiple factors such as the drying speed and viscosity of the paint, as well as the ambient temperature.

To analyze the variation pattern of maximum film thickness under different spray gun movement speeds more intuitively, the maximum film thickness values from the simulations at each spray gun movement speed were collected. A curve depicting the change in maximum film thickness with varying spray gun movement speeds was plotted.

According to Fig. 14, as the movement speed of the spray gun increases, the rate of decrease in maximum film thickness slows down, approximating an inverse proportion function. When the spray gun movement speed is below 0.3 m/s, the maximum film thickness decreases at a faster rate. However, when the speed exceeds 0.3 m/s, the rate of decrease slows down and continues to decelerate further.

[image: images]

Figure 14: Curve of maximum film thickness with changes in spray gun movement speed

4.5 Effect of Spray Trajectory Curvature Radius on Film Thickness Distribution

In this section, the spray height was fixed at 200 mm, the spray angle at 0°, and the spray gun’s linear speed was 0.1 m/s. When the spray gun moving along a circular arc trajectory, numerical simulations were conducted with arc radii ranging from 50 to 200 mm to analyze how the spray trajectory curvature radius affects the film thickness distribution. The distribution of film thickness at different curvature radii is shown in Fig. 15. The figure indicates that the variation in spray trajectory curvature radius has a minimal impact on the maximum film thickness.

[image: images]

Figure 15: Film thickness distribution under different spray trajectory curvature radii. (a) R = 50 mm. (b) R = 100 mm. (c) R = 150 mm. (d) R = 200 mm

Based on the simulation results, average cross-sectional film thickness curves for each curvature radius were plotted, as shown in Fig. 16. The figure reveals that when the spray gun moves along a circular arc trajectory, the film thickness on the inside of the arc tends to be slightly greater than that on the outside. This is attributed to the shorter arc length of the inner arc within the same spraying duration. As the arc radius increases, this phenomenon gradually becomes less noticeable and eventually disappears.

[image: images]

Figure 16: Average film thickness cross-sectional curves for various spray trajectory curvatures

Building on the research concerning the impact of spray angles on film thickness distribution, it has been observed that angled spraying causes the liquid film on either side of the spray torch center to shift towards one side, as illustrated in Fig. 17. In practical spraying applications, if a smaller spray curvature radius is needed for trajectory planning, this characteristic of angled spraying can be utilized to eliminate the uneven distribution of film thickness on both sides of the arc.

[image: images]

Figure 17: Schematic diagram of coating deposition by angled spraying

4.6 Effect of Air Pressure on Coating Thickness Distribution

In this section, the spray height is fixed at 200 mm, the spray angle is set to 0°, and the spray gun movement speed is 0.1 m/s. The air pressure is set between 0.15 and 0.25 MPa for numerical simulations. The coating thickness distribution under different air pressure conditions is shown in Fig. 18. The figure indicates that an increase in air pressure expands the coating coverage area. This is because increased air pressure enlarges the spray width. As the air pressure increases, theoretically, the paint particles become finer, allowing for more uniform coverage of the sprayed surface, thereby improving the coating’s uniformity and smoothness. However, as shown in Fig. 18e, if the pressure is too high, it may result in paint wastage and splatter, negatively affecting the coating quality.

[image: images]

Figure 18: Film thickness distribution at various air pressures. (a) P = 1.5 MPa. (b) P = 1.75 MPa. (c) P = 2.0 MPa. (d) P = 2.25 MPa. (e) P = 2.5 MPa

Based on the simulation results, we plotted the cross-sectional curves of average coating thickness under different air pressures, as shown in Fig. 19. As the paint particles become finer, the amount of paint deposited per unit area may decrease, leading to a thinner coating. To achieve the desired coating thickness, adjustments to the spraying speed and the number of passes are necessary. With increasing air pressure, the paint droplets become more fully atomized, resulting in progressively smoother cross-sectional profiles.

[image: images]

Figure 19: Cross-sectional curves of average film thickness at different air pressures

To determine the variation in maximum film thickness under different air pressures, the maximum thickness values from the simulation results at each air pressure were collected. The curve showing the change in maximum film thickness with varying air pressures is plotted in Fig. 20. As shown in Fig. 20, as the air pressure increases, the maximum film thickness continuously decreases. The decreasing trend of the data approximates a straight line, demonstrating a significant linear decline.

[image: images]

Figure 20: Curve of maximum film thickness variation with air pressure

4.7 The Combined Effects of Various Spray Parameters on Film Thickness Distribution

From the analysis provided, it is evident that the distribution of film thickness is significantly influenced by factors such as spray height, spray angle, and the velocity of the spray gun’s movement. However, the discussion so far has focused only on the influence of these factors individually on film thickness distribution, without exploring the combined effects of multiple parameters. The subsequent section will utilize the orthogonal experimental method to examine the impact on film thickness distribution when variables such as spray height, spray angle, and spray gun movement speed are altered simultaneously. This exploration aims to identify the optimal adjustment ranges for spray height and spray angle across various spray gun movement speeds, within which satisfactory film quality can be achieved. The spray parameters selected for investigation are detailed in Table 2, and the orthogonal experiments are structured around these parameters.

[image: images]

Spray painting practice indicates that if the film thickness is too thin, it can lead to poor leveling of the paint film; conversely, if the film thickness is too thick, sagging may occur. Therefore, in this experiment, the maximum film thickness was set to be between 20 and 60 μm, ensuring complete coating coverage and free of defects such as sagging. Based on the results obtained from the orthogonal experiments and adhering to the aforementioned film quality standards, suitable spraying parameters were identified. A diagram illustrating the relationship between the adjustable range of spray height and spray angle under different spray gun movement speeds was plotted, as shown in Fig. 21.

[image: images]

Figure 21: Optimal adjustment ranges for spray height and angle at different spray gun speeds. (a) V = 0.1 m/s. (b) V = 0.2 m/s. (c) V = 0.3 m/s. (d) V = 0.4 m/s

Fig. 21 indicates that as the spray gun movement speed increases, the adjustable range of spray heights under different spray angles becomes narrower, and the overall height continuously decreases. With a fixed spray gun movement speed, as the spray angle increases from 0° to 30°, the adjustable range of spray heights also narrows. As shown in Fig. 21a, at a spray gun movement speed of 0.1 m/s and a spray angle of 0°, the adjustable range of spray heights is from 220 to 350 mm, within which the spray angle is almost non-adjustable. As the spray angle increases, both the maximum and minimum spray heights decrease. With the reduction in spray height, the adjustable range of spray angles continuously expands. At a spray height of 220 to 260 mm, the spray angle can be freely adjusted between 0° and 30°. Similarly, as shown in Figs. 21b to 21d, at spray gun movement speeds of 0.2–0.4 m/s respectively, the range of spray heights within which the spray angle can be freely adjusted between 0° and 30° are 170 to 180 mm, 140 to 160 mm, and 120 to 130 mm, with other characteristics being similar to those at a speed of 0.1 m/s.

5  Spraying Experiment

An experiment of dynamic spray painting with an air spray gun in varying poses on a flat plane was conducted to verify the accuracy of the numerical simulation results. The physical experimental setup is shown in Fig. 22. The main experimental equipment includes a spray painting robot, an Iwata WRA-101 air spray gun, an air compressor, and a pneumatic diaphragm pump, among others. Commercial water-based paint was used as the deposition material, and the substrate was a 5 mm thick flat aluminum plate, which had been sanded to a smooth finish before the experiment. The spray height was set at 200mm, and the spray angles were set at 0°, 10°, 20°, and 30°, with the spray gun moving in the Y direction for the dynamic spray painting experiment. During the experiment, the air pressure from the compressor was set at 0.2 MPa, and the spray gun movement speed was 0.1 m/s. After completing the dynamic spray painting experiment, the workpiece was left undisturbed until the coating was completely dry.
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Figure 22: Spray experiment equipment. (a) Spray painting robot. (b) Coating thickness gauge. (c) Pneumatic diaphragm pump. (d) Air compressor

Fig. 23 shows the results of the painting experiment. In areas with better spray quality, points were taken every 5 mm along the X direction to measure the coating cross-section thickness, and this measurement was repeated 5 times to take the average value. This procedure was then repeated along the Y direction at 30 mm intervals. After all measurements were completed, the average film thickness for each corresponding point on the cross-sections was calculated.
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Figure 23: Physical spray experiment results. (a) α = 0°. (b) α = 10°. (c) α = 20°. (d) α = 30°

Given that the numerical simulation yielded wet film thicknesses, a conversion to dry film thickness was necessary for comparison with experimental outcomes, as shown in the following equation [25]:


H2=H1(1−Vs)
(12)

Here, H2 represents the dry film thickness, H1 the simulated wet film thickness, and Vs the solid content of the paint.

Combining experimental data with numerical simulation data, a comparative graph of film thicknesses obtained from both methods was drawn, as shown in Fig. 24.

[image: images]

Figure 24: Comparison of numerical simulation results with experimental results. (a) α = 0°. (b) α = 10°. (c) α = 20°. (d) α = 30°

Fig. 24 indicates that the simulation results align well with the experimental outcomes. The maximum relative errors in film thickness between the four sets of experimental and numerical simulation results are 10.2%, 9.7%, 9.5%, and 10.6%, respectively. Overall, this indicates that the results obtained from numerical simulations and spray experiments are consistent in terms of the pattern of variation in coating thickness distribution.

6  Conclusions

Investigating the film formation patterns in dynamic variable spraying lays a foundational premise for the advancement of a predictive model concerning the distribution of film thickness in dynamic spray applications. The comparison between the simulated and actual spray experiment results demonstrates a favorable correlation. This validates the efficacy of the simulation model developed in this paper for delineating the distribution patterns of film thickness in dynamic variable spray processes.

The results from numerical simulations reveal that spray height, spray angle, and the speed of the spray gun’s movement significantly affect the dispersion of paint droplets during transport, which substantially influences the film thickness, the quality of the coating, and the shape of the coverage area. Therefore, it is crucial to keep these parameters within reasonable limits. Moreover, the curvature radius of the spray trajectory affects the symmetry of film thickness on either side of the spray center. Consequently, when it becomes necessary to use a smaller curvature radius for trajectory planning, angled spraying can be employed to counteract this phenomenon. An increase in air pressure expands the coating coverage area and continuously decreases the maximum film thickness. As the air pressure increases, the paint droplets become more finely atomized, leading to improved film uniformity within a certain range of air pressure. However, excessively high pressure can cause paint wastage and splattering, negatively affecting the quality of the film. Therefore, in actual spraying, the air pressure should be selected within an appropriate range.
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Table 1: Grid sensitivity analysis
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Table 2: Spray test parameters

Parameters Value
360, 350, 340, 330, 320, 310, 300, 290, 280, 270, 260, 250,
Spray height (mm) 240, 230, 220, 210, 200, 190, 180, 170, 160, 150, 140, 130,
120, 110, 100, 90, 80, 70, 60, 50
Spray angle (°) 0, 10, 20, 30

Spray gun movement speeds (m/s) 0.1,02,03,04
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